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A heterojunction bipolar transistor and is des- 
cribed which includes an emitter layer formed 
on a substrate. A wide bandgap base layer and a 
light doped layer are formed on the emitter layer 
by sequential epitaxial growth. An emitter layer 
may be either deposited by chemical vapor 
deposition on the lightly doped layer or may be 
ion implanted into the lightly doped layer. 
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The present invention relates to a very small 
scale heterojunction bipolar transistor which can op- 
erate at high speed. 

High speed operation of a bipolar transistor can 
be achieved by reducing base transit time and in- 
creasing the density of operation currents. These 
characteristics can be improved by adjusting vertical 
parameters of the bipolar transistor. For example, 
base transit time may be improved by making the 
base region thinner, and the density of operation cur- 
rents can be improved by increasing impurity concen- 
trations of the emitter and collector regions. 

High speed operation can also be achieved by 
adjusting horizontal parameters of the bipolar transis- 
tor. For example, very dense circuits have been man- 
ufactured in which the circuit elements are reduced in 
size. Reduced device size correspondingly reduces 
parasitics, such as parasitic capacitance, thereby in- 
creasing the speed of operation. 

In a conventional bipolar transistor, the base and 
emitter are formed by a double diffusion method. In 
the double diffusion method, a first conductivity type 
base region is formed by an ion implantation method 
or a diffusion method in a predetermined area of a 
layer having a second conductivity type (i.e., collec- 
tor) and then an emitter region having the second 
conductivity type is selectively formed by ion implan- 
tation or diffusion into the base region. Recently, a 
self-aligned selective diffusion method has been 
used to fabricate a very small scale transistor in which 
parasitic capacitance and parasitic resistance have 
been reduced. 

FIG. 1 5(a) shows an example of the conventional 
bipolar transistor fabricated as described above. A 
first thick oxide layer 302 is formed on n-type sub- 
strate 301. Substrate 301 serves as a collector. In a 
region surrounded by the thick oxide layer, a p-type 
base layer 303 and an n-type emitter layer 304 are dif- 
fused by a self-alignment method through a window 
formed in high impurity concentration poly-silicon lay- 
er 306. Poly-silicon layer 306 serves as a base pulling 
out electrode. Poly-silicon layer 306 is covered by a 
second oxide layer 307. Emitter region 304 is formed 
by diffusion of impurities from high impurity concen- 
tration poly-silicon layer 308. Poly-silicon layer 308 
serves as an emitter electrode. A p-type outer base 
layer 305 is formed by diffusion of impurities from high 
impurity concentration poly-silicon layer 306. 

The above-described bipolar transistor does not 
require an alignment margin for emitter layer 304. Ac- 
cordingly, a very small scale bipolar transistor can be 
manufactured. That is, the transverse parameter de- 
scribed above can be improved by the self-aligned se- 
lective diffusion method. However, a problem re- 
mains with regard to achieving high speed operation 
by adjusting the vertical parameters described 
aboye. In particular, as noted above, the base r gion 
should be made thin in qrder to reduce the transit time 



of carriers across the base region. In addition, the 
concentration of impurities in the base region must be 
high to avoid deterioration in breakdown voltage by 
base-punch-through. On the other hand, in the dou- 

5 ble diffusion method, the emitter concentration is 
necessarily higher than the base concentration. 
Therefore, the concentration of impurities in the base 
region must have an upper limit in order to provide a 
wide range of base-emitter operational voltages and 

w to suppress tunnel currents. In a silicon transistor, 
fabricated using the double diffusion method, the up- 
per limit of the base concentration is approximately 
1 0 19 cm- 3 , so that a lower limit in thickness of the base 
layer is at least about 50nm in order to avoid complete 

15 depletion of the base in active mode operation of the 
device. Accordingly, it is difficult to obtain a cut-off fre- 
quency at more than 50 GHz. 

To solve this problem, formation of a hetero emit- 
ter by an epitaxial growth method has been consid- 

20 ered. According to this method, a first conductive 
base layer is formed on a predetermined region of a 
second conductive collector layer by an epitaxial 
growth method. Then, an emitter layer having the 
second conductivity type, which has a larger forbid- 

25 den band or band gap than that of the base layer, is 
formed on the base layer by an epitaxial growth meth- 
od. In this method, since the band gap of the emitter 
layer is larger than that of the base layer, a sufficient 
injection coefficient can be insured, even if the emit- 

30 ter concentration is lowered to the base concentra- 
tion. Therefore, relative to the double diffusion meth- 
od, the base concentration can be increased and the 
cut-off frequency can be improved by reducing of the 
base width. 

35 However, according to this method, a successive 

epitaxial growth steps must be performed for fabricat- 
ing the base and emitter layers to obtain a high quality 
heterojunction which has a low interface defect den- 
sity between the base and the emitter. In^a succes- 

40 sive epitaxial growth process, the sample is placed in 
a reactor, such as an MBE reactor, a first layer is 
formed by allowing permitting emission from elemen- 
tal sources of the reactor. A second layer is then 
formed by altering the emissions of the elemental 

45 sources, without removing the sample from the reac- 
tor during the deposition of the first and second lay- 
ers. 

Accordingly, the selective formation of an emitter 
layer, which can be achieved in a conventional selec- 

50 tive diffusion process, cannot be used. Thus, it is dif- 
ficult to improve the vertical parameters (e.g., reduc- 
ing parasitics) to achieve high speed operation. 

This point is described in detail below with refer- 
ence to FIGS. 15(b) and 15(c). Bipolar transistors, as 

55 shown in FIGS. 15(b) and 15(c), are both formed us- 
ing a wafer having a p type base layer 402 and an n 
type emitter layer 403 formed on an n type collector 
401 by successive epitaxial growth steps. In FIG. 
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1 5(b), the configuration of the emitter region is deter- 
mined by a mesa etch and an oxide layer 404 is 
formed over the mesa etched portion. A contact hole 
or window is then formed in oxide layer 404 and an 
.emitter electrode 405 is formed to connect emitter re- 
gion 403 through the window of oxide layer 404. In 
FIG. 15(c), an emitter region is defined by forming a 
p + outer base layer 406 by an ion implantation meth- 
od. 

In both of FIGS. 15(b) and 15(c), an alignment 
margin for the emitter region is needed. It is therefore 
difficult to form the emitter region having reduced 
size. 

Moreover, when adjusting vertical parameters to 
achieve high speed by using the hetero-emitter struc- 
ture, as the doping concentration becomes higher, 
low temperature processing steps are required to 
keep the doping profile sharp. However, many diffu- 
sion processes used to manufacture bipolar transis- 
tors, such as the conventional double diffusion meth- 
od, are performed at high temperatures, e.g. in ex- 
cess of 1000°C. 

Conventional bipolar transistors described above 
therefore cannot satisfy adjustment of both vertical 
and transverse parameters, to achieve high speed 
small scale bipolar transistors. 

The object of the present invention is to provide 
a heteroj unction bipolar transistor, which can be 
formed in a very small scale and can achieve high 
speed operation. 

To attain the object of the invention, there is pro- 
vided a semiconductor device which comprises: a 
substrate including silicon; a first layer having a first 
conductivity type disposed on said substrate, said 
first layer including silicon; a second layer having a 
second conductivity type disposed on said first layer, 
said second layer including: silicon and germanium; 
and carriers of the second conductivity type; a third 
layer disposed on said second layer, said third layer 
including silicon and being lightly doped; and a fourth 
layer having the first conductivity type disposed on 
said third layer, said fourth layer including silicon; and 
interface states being located at an interface of said 
third layer and said fourth layer, wherein said third 
layer substantially reduces a recombination of said 
carriers of the second conductivity type with. said in- 
terface states. 

Further, in accordance with the present inven- 
tion, a semiconductor device is provided with com- 
prises: a substrate including silicon; a first layer hav- 
ing a first conductivity type, said first layer being dis- 
posed on said substrate, said first layer including sil- 
icon; a second layer being doped with impurities of a 
second conductivity, said second layer being dis- 
posed on said first layer, said second layer including 
silicon and germanium; a third layer disposed on said 
second layer, said third layer including silicon and be- 
ing lightly doped; and a fourth layer being doped with 



impurities of the first conductivity type, said fourth 
layer being disposed on said third layer, said fourth 
layer including silicon, wherein an increased concen- 
tration of the impurities of the first conductivity type 

5 and the impurities of the first conductivity type, of said 
fourth layer does not result in a corresponding in- 
crease in a recombination current and a tunneling 
current of said semiconductor device. 

In addition, in accordance with the present inven- 

10 tion, a process for manufacturing a semiconductor de- 
vice is provided which comprises the steps of: form- 
ing a first layer having a first conductivity type on a 
substrate; sequentially epitaxially growing a continu- 
ous single crystal structure, the continuous single 

15 crystal structure including: a first single crystal region 
having a first concentration of impurities of a second 
conductivity type; and a second single crystal region 
having a second concentration of impurities, wherein 
the first concentration of impurities is greater than 

20 said second concentration of impurities; and forming 
a second layer on said continuous single crystal 
structure, said second layer having the first conduc- 
tivity type. 

Moreover, in accordance with the present inven- 

25 tion, a process for manufacturing a bipolar transistor 
is provided which comprises the steps of: forming a 
collector region on a substrate; forming a base region 
on said collector region; forming a lightly doped re- 
gion on said base region; forming an emitter region on 

30 said lightly doped region, said emitter region being 
self-aligned with said lightly doped region. 

Further, in accordance with the present inven- 
tion, a process for manufacturing a semiconductor de- 
vice is provided which comprises the steps of: form- 

35 ing a collector layer on a substrate; sequentially epi- 
taxially growing a continuous single crystal layer, said 
continuous single crystal layer including: a base lay- 
er; and a lightly doped layer; and forming an emitter 
on said lightly doped layer, said emitter being self 

40 aligned with said lightly doped layer. 

Further, in accordance with the present inven- 
tion, a bipolar transistor is provided that comprises: a 
substrate; a collector disposed on said substrate, said 
collector having a first conductivity type and including 

45 silicon; a continuous single crystal layer having been 
sequentially epitaxially grown, said continuous single 
crystal layer including: a base including silicon and 
germanium; and a light doped region including sili- 
con; an emitter disposed on said lightly doped region, 

so said emitter being self-aligned with said lightly doped 
region. 

The other objects and advantages of the inven- 
tion will be apparent from the following description, 
taken in conjunction with the accompanying draw- 
55 ings, in which: 

FIG. 1 is a sectional _view of an embodiment ac- 
cording to the present invention. 

FIG. 2 to FIG. 9 are "sectional views at different 
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stages of a process according to the present invention 
for fabricating the bipolar transistor shown in FIG. 1. 

FIG. 10 is a graph to explain characteristics of the 
embodiment shown in FIG. 1. 

FIGS. 11(a) and 11(b) are graphs to explain char- 
acteristics of the embodiment shown in FIG. 1. 

FIG. 12 to FIG. 14 are sectional process views to 
explain another process, in accordance with the pres- 
ent invention, for manufacturing a bipolar transistor 
according to the second embodiment of the present 
invention. 

FIGS. 15(a), 15(b), and 15(c) are sectional views 
of conventional bipolar transistors. 

FIG. 1 is a schematic sectional view of a sili- 
con/silicon-germanium (Si/SiGe) heterojunction bipo- 
lar transistor according to a first embodiment of the 
present invention. 

A wafer, having an n + type silicon (Si) sub-collec- 
tor layer 102 and an n type Si collector layer 103 are 
formed by a successive or sequential epitaxial growth 
method on a p" type Si substrate 101 . 

A LOCOS (local oxidation of silicon) oxide layer 
104 is formed so as to surround a predetermined de- 
vice region on Si substrate 101. 

A 30 nm p* type Si 0 .9Ge 0 .i base iayer 120 and a 
30 nm p" type Si layer 1 21 , which has a lower concen- 
tration than that of p* type Si 0 . 9 Ge 0 .i base layer 120, 
are formed on n type collector layer 1 03 by using a se- 
quential epitaxial growth method. An n type poly Si 
emitter layer 128 is selectively formed on p" type Si 
layer 121. 

FIG. 2 - FIG. 9 show schematic sectional process 
views of the first embodiment. As shown in FIG. 2, a 
1.5 j.im thick n + type Si sub-collector layer 102 and a 
0.6 um thick n type Si collector layer 103 are formed 
on a p" type Si substrate 101 by epitaxial growth. 
Next, as shown in FIG. 3, a LOCOS oxide layer 104 
is formed so as to define base and collector contact 
regions. 

As shown in FIG. 4, an n* type collector contact 
diffusion layer 108 is then formed by an As ion implan- 
tation. In addition, deep trenches are formed at two 
predetermined portions of the LOCOS oxide layer, so 
as to reach p" type Si substrate 101. An oxide layer 
106 is formed on the walls of the trenches and a poly 
Si layer 107 is formed to fill in the deep trenches. At 
the bottom of the trenches, p + type layers 105 serve 
as channel stops formed by boron (B) ion implantation 
before the deep trench is filled with oxide layer 106 
and poly Si layer 107. 

After a 50 nm thermal oxide layer 109 is formed 
on portions of n type collector layer 103, thermal ox- 
ide layer 109 is selectively etched away by known 
photolithography and chemical etching techniques. 
As a result, the surface of n type collector layer 103- 
upon which a base region is to be formed is exposed. 

In the next step, a native oxide layer formed on n 
type collector layer 103 is removed by immersing the 



wafer in an aqueous hydrogen fluoride solution. 
Thereafter, as shown in FIG. 5. a p + type Si 0 . 9 Ge 0 .i 
base layer 120 and a p type Si layer 121 are succes- 
sively formed or sequentially epitaxially grown using 

5 a gas source molecular beam epitaxy (MBE) techni- 
que at a temperature of 550°C. An example of the se- 
quential epitaxial growth process for forming a single 
crystal structure in accordance with the present in- 
vention will now be described. 

10 In a first step of the sequential epitaxial growth 

process, silicon and germanium sources emit these 
elements in the gaseous phase and in appropriate 
amounts to form Si 0 . 9 Ge a i base layer 120. Base layer 

1 20 is doped P 4 " by reaction of a boron containing gas 
15 such as diborane (B 2 H 6 ) and has a boron concentra- 
tion of a 2x1 0 19 cm- 3 . Preferably, base layer 120 is 
formed to have a thickness of 30 nm. 

In a second step of the sequential epitaxial 
growth process, following the first step, p" type Si lay- 
20 er 121 is formed by terminating the germanium 
source while allowing the silicon source to continue to 
emit silicon. As a result, layer 121 is formed of silicon 
substantially free of germanium and layers 120 and 

121 are formed as a continuous single silicon crystal 
25 structure over the exposed portion of collector iayer 

103. Layer 121 may be lightly doped with boron (a p- 
type dopant) by reacting an appropriate amount of di- 
borane during growth of layer 121. P" layer 121 may 
have a boron concentration of 1x10 17 cm- 3 and a 

30 thickness of 30 nm. 

Accordingly, in the sequential growth process of 
a continuous single crystal structure according to the 
present invention, it is not necessary to remove the 
wafer from the MBE chamber during the growth of 

35 layers 1 20 and 1 21 . All that is required is that the ger- 
manium source be terminated and the amount of di- 
borane gas be adjusted to appropriate levels to dope 
layers 120 and 121. Therefore, formation of layers 

120 and 121 is relatively easy and does not require 
40 further complex processing steps. 

Portions of layers 120 and 121 on n type collector 
layer 103 are formed as a continuous single crystal 
structure, but remaining portions of layers 120 and 

1 21 on other regions, such as on LOCOS oxide layer 
45 104, are polycrystalline, as designated by layers 120b 

and 121b. 

A 100 nm Si0 2 layer 122 is then formed on the 
whole surface of substrate 101 using a chemical va- 
por deposition method. 

so As shown in FIG. 6, Si0 2 layer 122 is formed on 

p" layer of the continuous single crystal structure and 
is patterned using a known etching method. BF 2 is 
then ion-implanted at a 15 keV accelerating energy, 
using Si0 2 layer 122 on the intrinsic base region as a 

55 mask, such that exposed regions 123 have a boron 
concentration of 1x1 0 1 5 cm- 2 . 

Ion-implantation causes region 123 to become 
amorphous. However, by annealing at 600°C for 30 
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minutes, a solid phase re-growth is begun and the 
boron impurities become activated. As a result, as 
shown in FIG. 6, outer base region 123 (a base con- 
tact region) having a high concentration is formed. 

As shown in FIG. 7, a 200 nm thick boron doped 5 
poly Si layer 124 is deposited by a known low pres- 
sure CVD method at a temperature of 550°C and is 
patterned with poly Si layers 120b, 121b. A 300 nm 
Si0 2 layer 125 and a 100 nm SiN layer 126 are then 
respectively deposited on t he surface of the substrate w 
by a CVD method. As shown in FIG. 8, after forming 
an opening for a predetermined emitter region in SiN 
layer 126, as well as Si0 2 layer 125 and poly Si layer 
124 by a reactive ion etching (RIE), a SiN layer 127 
is formed on a side wall of the opening. SiN layer 1 27 15 
further reduces the width of the opening, thereby fur- 
ther reducing the width of the emitter layer. Si0 2 layer 
1 22 is then removed by a buffer solution of hydrogen 
fluoride (HF) to expose a surface of p" type Si layer 
121. 20 

Layer 122 protects the surface of p" layer 121 
from the RIE step described above. Layer 1 22 is then 
removed by the buffered HF solution (a wet etch) 
which does not damage the surface of p~ layer 121 . 
Thus, the surface of p" layer 121 is not damaged 25 
throughout the etching of layers 126, 125, 124 and 
122. 

As shown in FIG. 9, a phosphorus (P) doped poly 
Si emitter layer 128 is then selectively deposited on 
the exposed p~ type Si layer 121. Emitter layer 128 is 30 
therefore self-aligned with the continuous single 
crystal structure comprising base layer 120 and p" 
layer 121. In this embodiment, the concentration of 
electrons in poly Si emitter layer 128 is 2x1 0 20 cm" 3 . 

Finally, as shown in FIG. 1 , openings are formed 35 
in SiN layer 126 and Si0 2 layer 125 for base contact 
and collector contact portions, respectively. Then a 
base electrode 130 and a collector electrode 131 are 
formed to contact poly Si layer 124 and n + collector 
contact layer 108 respectively through these open- 40 
ings. Emitter electrode 129 is formed to contact emit- 
ter layer 128. Electrodes 128, 129 and 130 may be 
made of AI/TiN/TL 

In the first embodiment, concentrations of carri- 
ers in poly Si emitter layer 128 and SiGe base layer 45 
120 are respectively 2x1 0 20 cm- 3 and 2x10 19 cm- 3 . 
Both of these values are high concentrations. How- 
ever, if these layers were in direct contact each other, 
a normal transistor operation could not be obtained 
because increased leakage currents would be so 
caused by tunnel currents. In the above-described 
embodiment, a low concentration p" type Si layer 121 
having a 30 nm thickness, is formed so as to be sand- 
wiched between poly Si emitter layer 128 and SiGe 
layer 1 20. According to this structure, the intensity of 55 
the electric field between the emitter and base can be 
reduced to about 300 KV/cm. Therefore, device char- 
acteristics are unaffected by tunnel currents. 



In the above-described embodiment, the thick- 
ness and the concentrations of the low concentration 
p~ type Si layer 121 can be selected to satisfy condi- 
tions associated with the depletion state at equilibri- 
um. That is, 

2EsVbi 



! NA - ND ! < 



qWz 



(1) 



W(cm) is a thickness of the low concentrated p" type 
Si layer 121, NA (cm- 3 ) and ND (cm- 3 ) are an ionized 
acceptor concentration and an ionized donor concen- 
tration, Es (F-crrr 1 ) is a dielectric constant, q(C) is the 
amount of charge of an electron, and Vbi(V) is a dif- 
fusion or built-in voltage at an emitter-base hetero- 
junction. If the energy of the band gap of the base lay- 
er is Eb(J), 

Vbi - Eb/q (2) 
FIG. 10 shows a graph of base current and col- 
lector current (vertical axis) vs. the voltage across the 
base and emitter (V BE ). As shown in FIG. 10, the de- 
vice according to this embodiment of the present in- 
vention has a reduced leakage current of approxi- 
mately 10 -12 A (= 10 pA) when V BE equals approxi- 
mately 0.3V. The area of the emitter was 0.5x5 jam 2 , 
and the voltage across the collector and emitter was 
1 ,5V. 

In the preferred embodiment, p"type Si layer 121 
is lightly doped. That is, the doping concentration of 
this layer is sufficiently low that it is completely de- 
pleted of carriers at equilibrium (i.e. when 0 V is ap- 
plied to the emitter, collector and base electrodes). 
Since the energy difference of the valence bands of 
p + type Si 0 . 9 Ge 0 .i base layer 120 and p" Si layer 121 
is 0.1 eV, holes are confined to p + type Si 0 .9Ge 0 .i base 
layer 120. Accordingly, the number of holes that re- 
combine with electrons through interface states lo- 
cated at the p" Si layer 121 /emitter interface is re- 
duced and recombination currents are correspond- 
ingly reduced. When a bias is applied to the base un- 
der normal operating conditions, the concentration of 
holes that ingrate into p~ Si layer is only 4x1 0 1 ? cnrr 3 . 
In contrast, in conventional bipolar transistors, in 
which the emitter layer is deposited or grown directly 
on the base layer, holes in the base layer are not 
spaced from the interface states located at the emit- 
ter/base junction. Thus, holes readily recombine with 
electrons through the interface states, thereby in- 
creasing the recombination current of the device. 

Therefore, a high emitter injection efficiciency 
can be achieved and a current gain of more than 150 
could be achieved. 

Since p + type Si 0 .9Ge 0 .i base layer 120 and p" 
type Si layer 121 are formed by sequential epitaxial 
growth, very few interface states are generated and 
therefore recombination currents at the hetero-inter- 
face are reduced. 

This point will be described in more detail below 
with reference to FIG. 11(A) which shows an energy 
band diagram of the transistorin accordance with the 
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preferred embodiment. Interface states are formed at 
the interface of p~ Si layer (121) and n + poly-Si layer 
1 28 when the p" Si layer is exposed to air prior to for- 
mation of layer 128. However, these interface traps 
are inactive as recombination centers because most 
of the holes in the p+ type base 120 cannot reach the 
interface traps for the following reasons. First, the 
heterojunction barrier between p + SiGe layer 120 and 
p" type Si layer 121 significantly reduces hole injec- 
tion into the fully depleted p" layer 121. Second, the 
separation between the interface states and the p + Si 
layer 120/ p" layer 121 interface further reduces the 
holes concentration at the interface states. Thus, 
since the interface state is positioned at an edge of 
depletion layer away from the holes in base layer 120, 
recombination current is reduced. 

Further, as seen in FIG. 11(B) (a plot of recombin- 
ation current vs. distance from the p" layer 121/n + lay- 
er 128 interface), recombination of electrons and 
holes occurs mainly in the neutral base region (12) 
and in the center of lightly doped p" layer 121. FIG. 
11(B) shows recombination away from the interface 
states. Such interface states facilitate recombination 
of electrons and holes which reduces the gain of the 
device. Aithough FIG. 11 (B) shows thai some recom- 
bination occurs, such recombination is less than that 
which would occur if holes could more readily com- 
bine with electrons through the interface traps. 

In a conventional bipolar transistor, the recombin- 
ation states generated at the p-n junction depletion 
layer of the emitter and base have several adverse ef- 
fects on device performance. Therefore, an anneal- 
ing out of the recombination states by a high temper- 
ature thermal process is necessary. Alternatively, the 
emitter region may be diffused away from the region 
containing the interface states and into the neutral 
base region such that the depletion region is formed 
away from the interface states. Both techniques facil- 
itate recombination of electrons and holes (which oc- 
curs in the depletion region associated with the base 
emitter junction) away from the interface states. Both 
techniques, however, require high temperature proc- 
essing steps. In addition, further diffusion of the emit- 
ter causes diffusion of impurities in the base which ef- 
fectively increases the base width. 

However, in accordance with the present inven- 
tion, lightly doped layer 121 is disposed between base 
120 and emitter 128. Layer 121 constitutes a potential 
barrier to the holes in base 120. The holes in base 
120, therefore, are spaced from interface states ad- 
jacent the emitter layer 1 28. Accordingly, fewer holes 
recombine with these interface states and recombin- 
ation currents are reduced without requiring addition- 
al annealing steps or other high temperature steps 
during processing. 

Moreover, according to the embodiment, since 
the base impurity concentration may be as high as 
2x1 0 19 cm -3 , a base pinch sheet resistance (the sheet 



resistance of the base layer und r the emitter region) 
can be kept low, such as 2 kO/square, even if the 
base width is only 30 nm thick. In conventional bipolar 
transistors, however, the base sheet resistance may 

5 be 10kO/square. The transistor in accordance with 
the present invention, has a reduced base transit time 
of 1.5 psec and an entire delay time from emitter to 
collector of 2.5 psec. The cut-off frequency more than 
60 GHz was obtained with the low base resistance. 

10 Also, since epitaxial growth is performed at 

650°C and subsequent annealing steps are not nec- 
essary, a diffusion of the high concentration of boron 
introduced during epitaxial growth is reduced and de- 
sired device characteristics can be achieved. 

15 The n + poly Si emitter region is selectively grown 

in and therefore self-aligned with the opening in SiN 
layer 127, Si0 2 layer 126, and poly Si layer 124 
formed by RIE. Accordingly, a very small scale device 
can be attained that does not need a significant align- 

20 ment margin which is required in the conventional bi- 
polar transistor described above. For example, in the 
above-described embodiment, the alignment margin 
was 0.3 |.tm, a minimum lithographic line width was 
0.8 nm, and a thickness of SiN side wall layer 127 was 

25 0.15 jxm. So s very small device having a 0.5 jAm emit- 
ter width and a2f.im base-collector junction width can 
be achieved, which is comparable to that achieved by 
the self-aligned selective diffusion technique. 

In the embodiment described above, Si layer 121 

30 contained a concentration of boron impurities of 
1x10 17 cm- 3 as the low impurity layer used between 
high impurity n* poly Si emitter layer 128 and p + base 
layer 120. Alternatively, Si layer 121 may contain n 
type impurities instead of p type impurities. The im- 

35 purity concentration of Si layer 121 should be select- 
ed such that it is depleted under application of voltage 
during normal operating conditions and cannot func- 
tion as an emitter. 

FIG. 12 to FIG. 14 show schematic sectional 

40 process views to explain another manufacturing 
method of the present invention. Steps for forming 
the low concentration collector layer and isolation re- 
gion are similar to those steps shown in FIG. 2 to FIG. 
4. 

45 After the steps to form the structure shown in 

FIG. 4, the wafer is immersed in an aqueous hydro- 
gen fluoride solution to remove a native oxide layer. 
As shown in FIG. 12, a p + type Si 0 . 9 Ge 0 .i base layer 
201, which has a boron concentration of 2x1 0 19 

50 cm- 3 and a p" type Si layer 202 having a boron con- 
centration of 1x10 17 crrr 3 are then sequentially epitax- 
ially grown using a gas source MBE method at a tem- 
perature of 550°C. The thickness of Si 0 c,Ge 0 .i layer 
201 and Si layer 202 are respectively 30 nm and 100 

55 nm. Th se layers are controlled at a lower pressure, 
compared with the first embodiment, to epitaxialiy se- 
lectively grow only on the exposed portion of single 
crystal a collector layer 103 and not on the oxide lay- 
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er. 

Next, as shown in FIG. 1 3, a 40 nm Si0 2 layer 203 
is deposited using a CVD method, and Si0 2 layer 203 
on a base contact region is etched away. BF 2 is then 
implanted at a 1 5 keV accelerative energy using Si0 2 
layer 203 as a mask. The implanted portion contains 
a concentration of 10 15 cm- 3 . 

Si0 2 layer 203 on an emitter contact region is 
then etched away as described above. Then, using 
the Si0 2 layer 203 as a mask, As ions are implanted 
at an accelerative energy of 30 keV, such that the im- 
planted portion contains an impurity concentration of 
10 l5 /crrr 3 . 

After these steps, the wafer is annealed at a tem- 
perature of 800°C for 30 seconds to form a p + type 
outer base layer 204 and a n + type emitter layer 205, 
as shown in FIG. 13. 

The depth of n*" type emitter layer 205 is 60-70 
nm, so a low impurity p" type Si layer 202 having a 30- 
40 nm thickness remains between p + type SiGe base 
layer 201 and n + emitter layer 205. As a result, the 
structure of this embodiment can be realized. 

Next, the oxide layer on the collector contact re- 
gion is etched away, and an oxide sidewall 206 is 
formed at a sidewall of the contact hole for the emit- 
ter, the base, and the collector. Electrodes 207, 208, 
209, made of AI/TiN/Ti, are formed to complete a bi- 
polar transistor. 

Usually, there are many recombination centers 
caused by implantation damage at the bottom portion 
of n + type emitter layer 205. However, in accordance 
with the present invention, n + type emitter layer 205 
is distanced apart from base layer having many holes 
by the thickness of low impurity of Si layer 202. Thus, 
deterioration of bipolar transistor characteristics 
caused by the recombination current can be reduced. 

In the above embodiment, a heterojunction bipo- 
lar transistor for a Si/SiGe system is explained, but 
the present invention is not limited to the system. For 
example, a semiconductor compound of a SiC/Si sys- 
tem or a AIGaAs/GaAs system can be implemented to 
obtain similar results. 

As described above, according to the invention a 
heterojunction carrier' reduces hole current flow, 
therefore, a high emitter injection efficiency is insured 
by a large band gap layer formed on a base layer al- 
though its doping level is low. Thus, impurity concen- 
tration of the base can be set high without current 
gain degradation. This high doping degradation per- 
mits a reduction in the base thickness and base tran- 
sit time. Also, the low concentration layer on the base 
layer is depleted under thermal equilibrium. Thus, im- 
proved endurance against breakdown and punch 
through and a decrease in leakage currents caused 
by tunnel currents can be achieved by electric field 
strength reduction. 

Moreover, if the low concentration layer has the 
same conductivity, e.g., a first conductivity, as the 



base layer, the size of the emitter and base junction 
can be determined by providing a second conductiv- 
ity type mitter layer selectively formed on the low 
concentration layer. The base layer and the low con- 
5 centration layer, which have different band gaps, can 
be sequentially epitaxially grown, so the density of 
the interface states between the two layers can be re- 
duced. 

Therefore, if the emitter layer is selectively 
10 formed on the low concentration layer and many in- 
terface states are generated between the two layers, 
recombination currents caused by the interface 
states can be decreased because the interface state 
are separated from the base layer having holes. Fur- 
15 ther, because the emitter layer is not formed by dif- 
fusion, the diffusion of an impurity profile can be sup- 
pressed by processing at low temperatures. 

Numerous modifications and variations of the 
present invention are possible in light of the above 
20 teachings. It is therefore to be understood that, within 
the scope of the appended claims, the present inven- 
tion can be practiced in a manner other than as spe- 
cifically described herein. 

25 

Claims 

1 . A semiconductor device comprising: 
a substrate including silicon; 
30 a first layer having a first conductivity type 

disposed on said substrate, said first layer includ- 
ing silicon; 

a second layer having a second conductiv- 
ity type disposed on said first layer, said second 
35 layer including: 

silicon and germanium; and 

carriers of the second conductivity type; 

a third layer disposed on said second lay- 
er, said third layer including silican and being 
40 lightly doped; and 

a fourth layer having the first conductivity 
type disposed on said third layer, said fourth lay- 
er including silicon; and 

interface states being located at an inter- 
ns face of said third layer and said fourth layer, 

wherein said third layer substantially re- 
duces a recombination of said carriers of the sec- 
ond conductivity type with said interface states. 

so 2. A semiconductor device comprising: 
a substrate including silicon; 
a first layer having a first conductivity 
type, said first layer being disposed on said sub- 
strate, said first layer including silicon; 
55 a second layer being doped with impurities 

of a second conductivity, said second layer being 
disposed on said f irst layer, said second layer in- 
cluding silicon and germanium;* 
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a third layer disposed on said second lay- 
er, said third layer including silicon and being 
lightly doped; and 

a fourth layer being doped with impurities 
of the first conductivity type, said fourth layer be- 
ing disposed on said third layer, said fourth layer 
including silicon, 

wherein an increased concentration of the 
impurities of the second conductivity type and 
the impurities of the first conductivity type of said 
fourth layer does not result in a corresponding in- 
crease in a recombination current and a tunneling 
current of said semiconductor device. 
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forming a first layer having a first conduc- 
tivity type on a substrate; 

sequentially epitaxially growing a continu- 
ous single crystal structure, the continuous sin- 
gle crystal structure including: 

a first single crystal region having a first 
concentration of impurities of a second conductiv- 
ity type; and 

a second single crystal region having a 
second concentration of impurities, 

wherein the first concentration of impuri- 
ties is greater than said second concentration of 
impurities; and forming a second layer on said 
continuous single crystal structure, said second 
layer having the first conductivity type. 

4. A process according to claim 3, wherein the sec- 
ond concentration is sufficiently low such that the 
second single crystal region is completely deplet- 
ed under equilibrium. 

5. A process according to claim 3, wherein said step 
of sequentially epitaxially growing the continuous 
single crystal layer includes the steps of: 

epitaxially growing the first single crystal 
semiconductor region; and 

epitaxially growing the second single crys- 
tal semiconductor region. 

6. A process according to claim 5, wherein-said step 
of epitaxially growing the first single crystal sem- 
iconductor region includes a first molecular beam 
epitaxy step and said step of epitaxially growing 
the second single crystal semiconductor region 
includes a second molecular beam epitaxy step. 

7. A process according to claim 6, wherein the first 
molecular beam epitaxy step includes the steps 
of: 

providing a silicon source; 

providing a germanium source; 

allowing said silicon source to emit silicon; 
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and 

allowing said germanium source to emit 
germanium; and the second molecular beam epi- 
taxy step includes the steps of: 

terminating emission of germanium from 
said germanium source; 

continuing emission of silicon from said sil- 
icon source after said step of terminating emis- 
sion of germanium; and 

terminating emission of silicon from said 
silicon source. 

8. A process for manufacturing a bipolar transistor 
comprising the steps of: 

forming a collector region on a substrate^ 
■■■■■■•foTfffin^^ 



gion; 



forming a lightly doped region on said 
base region; 

forming an emitter region on said lightly 
doped region, said emitter region being self- 
aligned with said lightly doped region. 

9. A process according to claim 4, wherein said step 
of forming the emitter region includes a step of 
selectively epitaxially growing the emitter region. 



10. A process for manufacturing a bipolar transistor 
comprising the steps of: 
30 forming a collector layer on a substrate; 

sequentially epitaxially growing a continu- 
ous single crystal layer, said continuous single 
crystal layer including: 
a base layer, and 
35 a lightly doped layer; and 

forming an emitter on said lightly doped 
layer, said emitter being self aligned with said 
lightly doped layer. 

40 11. A process according to claim 10, wherein said 
step of forming the emitter includes a step of se- 
lectively epitaxially growing the emitter on said 
lightly doped layer. 

45 12. A bipolar transistor comprising: 
a substrate; 

a collector disposed on said substrate, 
said collector having a f irst conductivity type and 
including silicon; 
so a continuous single crystal layer having 

been sequentially epitaxially grown, said contin- 
uous single crystal layer including: 

a bas including silicon and germanium; 

and 

55 a light doped region including silicon; 

an emitter disposed on said lightly doped 
region, said emitter being self-aligned with said 
lightly doped region. 
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